This study examined whether catecholamine-mediated signals in the anterior cingulate cortex (ACC) contribute to effort-based decision making. Rats were tested after 6-hydroxydopamine or vehicle infusions into the ACC in a T maze cost-benefit task in which the rats could choose either to climb a barrier to obtain a high reward in one arm or run into the other arm without a barrier to obtain a low reward. Results demonstrate that infusions of 6-hydroxydopamine induced a near total loss of tyrosine hydroxylase-positive fibers in the ACC. Unlike sham-lesioned rats, 6-hydroxydopamine-lesioned rats exhibited a reduced preference for the high-cost-high-reward response option when given the choice of obtaining a low reward with little effort. Thus, catecholamine-mediated signals in the ACC could play a role in effort-based decision making.
The anterior cingulate cortex (ACC), a crucial component of the limbic cortico-striatal circuitry, has been implicated in a variety of cognitive and executive processes (Botvinick, Cohen, & Carter, 2004; Holroyd & Coles, 2002; Rushworth, Walton, Kennerley, and Bannerman, 2004) . For instance, the ACC might serve to encode whether an action is worth performing in view of the expected benefit and the cost of performing the action (Rushworth et al., 2004) . Evidence in favor of this notion is provided by findings that rats with excitotoxic ACC lesions selected the low-cost-lowreward option in a T maze cost-benefit task when given the choice between climbing a barrier to obtain a large reward in one arm or running for a low reward into the other arm with no barrier present (Walton, Bannerman, Alterescu, & Rushworth, 2003) . Notably, rats tested in a similar T maze cost-benefit task after a systemic dopamine (DA) receptor blockade or DA depletion of the nucleus accumbens also no longer chose the effortful, high-reward action but chose the less effortful, low-reward action (Cousins, Atherton, Turner, & Salamone, 1996; Salamone, Cousins, & Bucher, 1994) .
These findings suggest that DA neuromodulation, for example, in the nucleus accumbens, plays a prominent role in effort-related decision making. Because the ACC receives a significant DA innervation (Berger, Gaspar, & Verney, 1991) and exhibits a dense expression of the DA transporter (Sesack, Hawrylak, Matus, Guido, & Levey, 1998) , DA-mediated signals in the ACC could be crucial for effort-based decision making as well. To date, the role of DA neuromodulation in the ACC in guiding behavior, in particular, choice behavior thought to rely on cost-benefit analysis, has been examined in very few studies (Walton, Croxson, Rushworth, & Bannerman, 2005) . Therefore, we investigated the effects of infusions of the catecholamine neurotoxin 6-hydroxydopamine (6-OHDA) into the Cg1 and Cg2 fields of the ACC in rats tested in a T maze cost-benefit task (Walton et al., 2003) . In this task, subjects could choose either to climb a barrier (30 cm) to obtain a high reward (four pellets) in one arm or enter the other arm without a barrier to obtain a low reward (two pellets). We analyzed 6-OHDA lesions using tyrosine hydroxylase (TH) immunoreactivity to determine the exact location and extent of the lesions and possible damage of catecholamine fibers in adjacent cortical areas, such as the prelimbic cortex.
Method

Subjects
Male Sprague-Dawley rats (Rattus norvegicus; Charles River, Sulzfeld, Germany) weighing between 300 and 400 g at the time of surgery were used. They were housed in transparent Macrolon cages (type IV; 35 ϫ 55 ϫ 10 cm; Ebeco, Castrop-Rauxel, Germany) in a 12:12-hr light-dark cycle (lights on at 7:00 a.m.) with ad libitum access to water; food was restricted to 15 g per animal a day (standard maintenance chow; Altromin, Lage, Germany). Temperature (20°Ϯ 2°C) and humidity (50% Ϯ 10%) were kept constant in the animal house. Experiments were performed according to the German Law on Animal Protection and approved by the proper authorities in Stuttgart, Germany.
Surgery
For stereotaxic surgery, animals were anesthetized with sodium pentobarbital (Narcoren, 40 mg/kg, intraperitoneal; Merial, Hallbergmoos, Germany) following pretreatment with atropine sulfate (0.2 mg, subcutaneous; WDT, Garbsen, Germany) and secured in a stereotaxic apparatus with atraumatic ear bars (David Kopf Instruments, Tujunga, California). In addition, animals received systemic injections of the noradrenaline reuptake inhibitor desipramine (20 mg/kg; Sigma-Aldrich, Taufkirchen, Germany) 30 min before the administration of anesthesia. The skull was exposed, and standard stereotaxic methods were used for bilateral injecJudith Schweimer, Simone Saft, and Wolfgang Hauber, Department of Animal Physiology, Biological Institute, University of Stuttgart.
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Correspondence concerning this article should be addressed to Wolfgang Hauber, Universität Stuttgart, Biologisches Institut, Abteilung Tierphysiologie, Pfaffenwaldring 57, Stuttgart D-70550, Germany. E-mail: hauber@bio.uni-stuttgart.de tions into the ACC at the following coordinates from the skull surface at bregma: AP ϩ1.2 mm, ML Ϯ0.5 mm, and DV Ϫ3.0 and Ϫ2.2 mm; AP ϩ0.5 mm, ML Ϯ0.5 mm, and DV Ϫ2.8 and Ϫ2.0 mm; AP Ϫ0.2 mm, ML Ϯ0.5 mm, and DV Ϫ2.5 and Ϫ2.0 mm (tooth bar at Ϫ3.3 mm below the interaural line) with reference to the atlas of Paxinos and Watson (1997) . The targeted regions of the ACC were cingulate areas 1 and 2.
Lesions were made by infusions of 6-OHDA hydrobromide (SigmaAldrich, Taufkirchen, Germany) dissolved in isotonic saline with 0.01% ascorbate; sham lesions were made by infusions of saline with ascorbate. All infusions were given by means of a 1-L syringe through a 25-gauge injection cannula. The 6-OHDA hydrobromide dose was 3 g per site injected in a volume of 0.5 L at each of the 12 sites; infusion time was 1 min at each site. The injector was left in place for 1 min at the lower injection sites and 2 min at the upper injection sites to allow for diffusion. On completion of surgery, rats received a subcutaneous injection of 2.5 ml saline. Animals were allowed to recover for at least 7 days.
Apparatus
A T maze task involving effort-based decision making (Salamone et al., 1994; Walton, Bannerman, & Rushworth, 2002; Walton, Bannerman, Alterescu, & Rushworth, 2003) was used. The elevated T maze consisted of a start arm and two goal arms (each 17 cm wide and 70 cm long) made of laminated wood; the walls were 30 cm high. A food well was placed at the end of each goal arm. On "forced" trials, a solid block was used to prevent entering one goal arm. The barriers that the animals had to surmount were made of wire mesh in the shape of a three-dimensional right-angled triangle. The rats had to climb the vertical side of the triangle and to descend the slope to attain the reward. The height of the barriers was increased during training from 15 cm at the beginning to a final height of 30 cm (final steepness, ϳ50°).
Training and Experimental Procedure
The experimental procedure corresponded to the schedule described by Walton et al. (2002) . In brief, after habituation to the maze animals learned to discriminate a high-reward (HR) goal arm containing four food pellets (45 mg dustless precision pellets; Bioserv, Frenchtown, New Jersey) from a low-reward (LR) goal arm containing two food pellets. For one half of the group, the HR arm was on the right, and for the other half, it was on the left. The rats were trained until they chose the HR arm in at least 80% of the trials; then, a 15-cm barrier was introduced into the HR arm. When animals selected the HR arm in the majority of trials (Ն70%), the height of the barrier was increased in steps of 5 cm to a maximum of 30 cm. On the first two trials each day, the rats were forced to run in opposite directions. An animal had 10 choice trials each day with a minimum intertrial interval of 4 min.
The experiment consisted of four testing blocks on 3 consecutive testing days. During the prelesion block as well as the first and third postlesion blocks (blocks A, B and D), there was a 30-cm barrier in the HR arm only. During the second postlesion block (block C), identical 30-cm barriers were present in each goal arm to allow us to assess whether the lesions caused any motor or spatial deficits or an inability to remember the reward size in the goal arms.
Data Analysis and Statistics
Choices of the HR arm on each testing day were counted and given as mean Ϯ standard error of the mean (SEM). The data were subjected to a repeated measures analysis of variance (ANOVA) with two within-subject factors (day of testing, three days; and testing block, four blocks) and one between-subjects factor (treatment, sham vs. 6-OHDA lesion). The results given were calculated using a Greenhouse-Geisser correction to compensate for problems caused by violations of the sphericity assumption when using an F test. All statistical computations were carried out with STATISTICA (version 5.5; StatSoft, Tulsa, Oklahoma). The level of statistical significance (␣ level) was set at p Ͻ .05.
Histology
On completion of the behavioral experiment, rats were killed with enflurane (Ethrane; Abbott, Wiesbaden, Germany) and perfused transcardially with 0.1% heparin sodium solution followed by 4% formalin saline. The brains were removed, placed in formalin saline overnight, and stored in 30% sucrose. The brains were frozen and sectioned coronally (50 m); every third section was processed for TH immunohistochemistry. Initially, the sections were washed in 0.05 M Tris-buffered saline (TBS; 6.1 g Tris base and 9 g sodium chloride in 1 L of demineralized water, pH adjusted to 7.6 with hydrochloric acid), incubated for 15 min in 10% methanol and 2% hydrogen peroxide in TBS, and then blocked for 20 min in 4% natural horse serum (NHS) in TBS containing 0.2% Triton X-100 (TBS-T). Sections were incubated for 36 hr at 4°C in primary antibody (mouse, anti-TH, LNC1; DiaSorin, Stillwater, Minnesota; 1:7,500 in TBS-T containing 4% NHS), then for 90 min in secondary antibody (horse, antimouse IgG; Vector Laboratories, Burlingame, California; 1:200 in TBS-T containing 4% NHS) at room temperature, and finally for 1 hr in ABC complex (phycoerythrin; Vectastain Elite ABC kit, Vector; 1:500 in TBS-T). Finally, sections were reacted with DAB (horseradish peroxidase chromogen). Washing steps in TBS or TBS-T (3 ϫ 10 min) were performed between each step. The sections were mounted on coated slides and coverslipped using DePeX (Serva, Heidelberg, Germany).
Results
Histology
TH-positive fibers in the Cg1 and Cg2 fields of the ACC were abundant in sham-lesioned rats (N ϭ 13) but rare in rats with 6-OHDA lesions (N ϭ 9), as shown in Figure 1 . The loss of TH-positive fibers was relatively consistent across all rats with 6-OHDA lesions; the areas that were nearly devoid of TH immunoreactivity included the pregenual and perigenual parts of the ACC, with a maximum extension from approximately 2.2 mm anterior to bregma to 0.3 mm posterior to bregma. No evidence for a subcortical loss of TH-positive fibers was found.
Choice Behavior
In the prelesion testing block, all the rats exhibited a strong preference for surmounting the barrier to obtain the large reward, with an average of approximately 80% of the choices for the HR arm (see Figure 2 ). This preference was reduced postoperatively in 6-OHDA-lesioned rats if tested in the one-barrier condition, but not if tested in the two-barrier condition. Repeated measures three-way ANOVA revealed significant effects of treatment (F(2, 40) ϭ 0.64, ns) were detected. By contrast, in the first postlesion block (block B, barrier in the HR arm), there was a clear, though not significant, tendency for a main effect of Figure 1 . Photomicrographs of tyrosine hydroxylase (TH)-immunoreactive catecholamine fibers in rats with 6-hydroxydopamine (6-OHDA) and vehicle infusions into the anterior cingulate cortex (ACC). The left column shows schematic coronal sections with a representation of ACC subregions (black shading) that were nearly devoid of TH-positive fibers in all rats with 6-OHDA lesions. Maximum extension of 6-hydroxydopamine lesions was from approximately Ϫ0.3 mm to ϩ2.2 mm relative to bregma; 2.7 mm anterior to bregma, there was a loss of TH-immunoreactive fibers in the ACC but not in the prelimbic cortex (top). Photomicrographs of the areas indicated in the schematics ‫)ء(‬ are shown for representative rats with a vehicle infusion (left column) and a 6-hydroxydopamine infusion (right column). Scales are relative to bregma. 
Discussion
In this study, we demonstrated that rats with 6-OHDA-induced ACC lesions exhibited a reduced preference for the high-costhigh-reward response option when given the choice to obtain a low reward with little effort. These findings suggest that catecholamine-mediated signals in the ACC could play a role in effort-based decision making.
In the one-barrier condition, rats with 6-OHDA-induced ACC lesions less often preferred climbing a barrier to obtain a larger reward, more often selecting the low-effort-low-reward action. The reduced preference of 6-OHDA-lesioned rats compared with the preference of the sham-lesioned rats for the HR arm was significant in the second testing block, whereas in the first testing block there was a trend for a treatment effect ( p ϭ .069) that failed to reach significance because of the relatively high interindividual variance. By contrast, in the two-barrier condition, 6-OHDAlesioned and sham-lesioned rats preferred the HR arm, indicating that 6-OHDA-induced lesions did not impair spatial or sensorimotor abilities and the memory for reward quantities. In line with previous reports (Schweimer & Hauber, 2005; Walton et al., 2003) , the shift in the two-barrier condition toward HR arm responses was pronounced and was observed as early as Day 1.
At variance with these findings, in a very recent study ACC catecholamine depletions did not affect choice performance in the same task, even if barrier and reward sizes were modified . Probably, these discrepant results are due to methodological differences. First and most important was the finding that in our sham-lesioned rats, the preference for the HR arm in the one-barrier condition was markedly higher compared with that in the rats in the study by Walton et al. (2005) . It seems, therefore, likely that this is one critical factor that accounts for the significant differences of choice behavior between sham-and 6-OHDAlesioned rats seen here. Second, differences in choice performance between sham-and 6-OHDA-treated rats were most prominent in the second one-barrier testing block, a condition not examined in the study by Walton et al. (2005) . Third, the dose of 6-OHDA used here (3 g at each of 12 sites) was markedly higher than the one used by Walton et al. (2005;  2 g at each of 8 sites), and we began behavioral testing after a shorter postsurgical recovery period (7 vs. 14 days). In addition, effort-related decision making in the T maze paradigm seems to be more sensitive to manipulations of DA in the rat strain (Sprague-Dawley) used in our study: Systemic administration of the DA receptor antagonist haloperidol at a dose of 0.1 mg/kg has already been found to produce a significant shift toward LR arm responses in Sprague-Dawley rats (Salamone et al., 1994) but not in Lister Hooded rats , in which higher doses were required. In sum, these factors could account for the significant behavioral effects associated with 6-OHDA lesions observed in our study.
Our data further reveal that 6-OHDA infusions produced a near total loss of TH-positive fibers in the ACC, as also has been shown by Walton et al. (2005) . The 6-OHDA lesions were confined to the pregenual and perigenual parts of the ACC; we found no evidence of a loss of TH-positive fibers in more anterior regions of the medial frontal cortex. Likewise, Pycock, Carter, and Kerwin (1980) showed that 6-OHDA infusions into distinct prefrontal regions-for example, the prelimbic-infralimbic region-had relatively restricted effects around the infusion site and did not affect adjacent areas, such as the ACC. The rat ACC receives a dense innervation by DA fibers from the ventral tegmental area and substantia nigra (Berger et al., 1991; Haber & Fudge, 1997) . Furthermore, the ACC is projected on by noradrenaline (NA) fibers from the locus coeruleus; however, the density of NA axon terminals is low relative to that of other neocortical areas (Morrison, Molliver, Grzanna, & Coyle, 1979) . Prefrontal 6-OHDA infusions destroy DA and NA terminals (Jonsson & Sachs, 1975) ; the latter are destroyed even with NA reuptake inhibition (e.g., Hauber, Bubser, & Schmidt, 1994; Ravard, Herve, Thiebot, Soubrie, & Tassin, 1989) , as was used in the present study. Thus, our findings imply that changes in choice behavior are brought about by an impaired catecholamine transmission in the ACC. Because the results of TH immunohistochemistry provide the exact location and extent of catecholamine lesions but allow no quantification of the relative degrees of DA and NA depletion, we cannot delineate whether behavioral changes primarily are caused by DA or NA dysfunction. By contrast, a possible 6-OHDA-induced loss of ACC 5-hydroxytryptamine (5-HT) fibers (Cooper, Bloom, & Roth, 1991) , though not examined here, is unlikely to underlie behavioral changes because systemic inhibition of 5-HT synthesis did not alter cost-benefit decisions (Denk et al., 2005) .
The 6-OHDA-induced effects on choice behavior largely correspond to those induced by quinolinic acid lesions of the ACC (Schweimer & Hauber, 2005; Walton et al., 2003) . However, the mechanisms affected by 6-OHDA lesions accounting for these behavioral changes are difficult to assess. DA signals in the ACC have been implicated in modulating the amplitude of reinforcement-related brain potentials generated in the ACC (Nieuwenhuis, Holroyd, Mol, & Coles, 2004) . It is, therefore, conceivable that a loss of DA neuromodulation in the ACC produces abnormal reinforcement learning signals, thereby compromising the sensitivity to benefits (i.e., reward sizes) that guide effort-related decisions. However, as with animals with cell body lesions, it appears that 6-OHDA-lesioned rats were not insensitive to costs and benefits because they seemed to operate according to a cost-benefit analysis in the two-barrier condition. Thus, complex changes could have been present, such as a shift in a hypothetical utility function underlying economic decisions (see Glimcher & Rustichini, 2004 , for a review) that caused 6-OHDA-lesioned rats to prefer less effortful, low-reward action in some conditions. Furthermore, one has to take into account that the ACC serves conflict monitoring (Botvinick et al., 2004) and coding of action outcomes (Rushworth et al., 2004) . We cannot exclude the possibility that these functions normally contribute to behavioral choice as tested here but were compromised by ACC 6-OHDA lesions. Thus, although the exact contribution of DA signaling in the ACC to effort-related decisions remains unclear, our data suggest that the DA projection to the ACC is involved in this type of decision making, in addition to the DA projection to the nucleus accumbens, as previously shown (Cousins et al., 1996; Salamone et al., 1994) . However, in view of the negative results provided by Walton et al. (2005) , this notion is preliminary. Further studies are required to elucidate in detail the neurochemical nature of the behavioral changes seen here-for example, by intra-ACC infusions of selective DA and NA receptor antagonists-and the extent to which they rely on task-related procedural features.
In summary, our present results provide preliminary evidence that catecholamine transmission in the ACC contributes to effortrelated decisions.
